Objective. This study examined the effects of low dialysate sodium on endothelial dysfunction (ED) as measured by flow-mediated dilatation (FMD) of brachial artery in haemodialysis (HD) patients. Methods. Thirty HD patients (17 men; mean age: 48.4 6 17.8 years) were studied. Subjects underwent two consecutive 6-week HD periods. Dialysate sodium was 143 mEq/L in the first period (standard Na HD) and 137 mEq/L in the second period (low Na HD). After each period, we performed FMD, echocardiographic evaluation and 24-h ambulatory blood pressure monitoring (ABPM). Interdialytic weight gain (IDWG), levels of pre-and post-dialysis blood pressure (BP), and dialysis-related symptoms were monitored during the study. Results. Per cent FMD was significantly greater (P < 0.05) after low Na HD (9.3 6 6.2) compared with standard Na HD (5.7 6 6.2). IDWG was significantly lower during low Na HD (2.35 6 0.86 kg versus 2.71 6 0.89 kg; P < 0.001). BP control was improved during low Na HD, as assessed by ABPM (128.2/77.5 mmHg versus 132.4/80.8 mmHg). Dialysis-related symptoms were more frequent during low Na HD (P < 0.05). There was no change in left ventricular mass after reducing dialysate sodium. Conclusions. Reducing dialysate sodium concentration reduced ED, and provided better control of IDWG and BP, but increased dialysis-related symptoms.
Introduction
Although numerous in vivo and in vitro studies have shown that endothelial dysfunction (ED) is common in patients with chronic kidney disease (CKD), the underlying mechanisms remain unknown [1] [2] [3] [4] [5] [6] . Other work has demonstrated that the endothelium is directly affected by sodium, and that this is independent of blood pressure (BP) increases [7, 8] . The most widely used method for evaluating endothelial function is the measurement of flow-mediated dilatation (FMD) in the brachial artery using high resolution ultrasound [9, 10] .
Little is known about which type of treatment reverses impaired endothelial function in patients with CKD [11, 12] . Rat and human studies that included normotensive overweight subjects have shown that ED is improved by restricted sodium intake and worsened by high dietary sodium [7, [13] [14] [15] [16] . Salt consumption in CKD patients is determined not only by diet but also by the sodium concentration of the dialysate [17, 18] .
Excessive interdialytic weight gain (IDWG) has been associated with high BP and left ventricular hypertrophy (LVH), and both of these are major risk factors for cardiovascular disease [19] [20] [21] . The main cause of IDWG is the salt and water intake that occurs between two dialysis sessions. A lowering of the dialysate sodium concentration has been shown to provide more effective diffusive sodium removal that may also reduce thirst and IDWG [22] .
The current study aimed to determine whether a lowering of dialysate sodium levels exerts reversible effects on ED, LVH, IDWG and BP levels. We also recorded intradialytic symptoms, such as hypotensive attacks or cramps, that indicate a reduced tolerance to low sodium haemodialysis (HD).
Methods

Patients
We included 32 adult patients that had been on HD for at least 6 months. Twenty-seven of the patients with no residual renal function were on HD three times weekly, and the remaining patients with an average daily urine output of 500 mL received HD twice weekly. Hypotension-prone patients and patients with malignancy, active infection, chronic liver disease or haemoglobin levels <8 g/dL were excluded from the study. All patients were receiving HD with standard dialysis prescription as follows: blood flow: 300 mL/min; dialysate flow:500 mL/min; membrane: polysulfone FX7 or FX6, (Fresenious Medical Care, Germany) and duration of HD session: 4-4.5 h. Medications, dietary salt intake and dialysis prescription were not changed during the study.
Using medical records, we obtained data on patient demographics, cause of end-stage renal disease, hepatitis status, history of diabetes mellitus, hypertension, cardiovascular disease, smoking, number of antihypertensive medications, serum sodium, serum albumin, haemoglobin levels and serum lipid profiles.
Control subjects
Thirty healthy age-and gender-matched controls with no history of vascular disease (17 men, mean age: 45.3 AE 4.7 years) were included in the study. All control subjects underwent FMD evaluation.
Study protocol
Patients were evaluated during two 6-week periods, with each patient acting as his/her own control. In the first 6-week period (standard Na HD), all patients were dialysed against a sodium concentration of 143 mEq/L. In the second 6-week period (low Na HD), the dialysate sodium concentration was reduced from 143 to 137 mEq/L. The dialysate composition except for Na was: HCO3:33.05 mEq/L, K:2.18 mEq/L, Ca:2.5 mEq/L, Mg:2.18 mEq/L, acetate:2.85 mEq/L and was the same for all patients throughout the study. At the end of the two study periods, FMD, ambulatory blood pressure monitoring (ABPM) and echocardiography were performed during an interdialytic day. Echocardiographic and FMD evaluation were performed by the same operator who was unaware of subject' status.
IDWG, dry weight, as well as pre-and post-dialysis BP levels were recorded for each HD session during the two study periods. IDWG was defined as the change in body weight between two consecutive HD sessions and was calculated by subtracting the dry weight from the weight before dialysis. The pre-and post-dialysis BP values were averaged from all consecutive sessions of each 6-week period. Changes in pre-and postdialysis BP levels occurring from week to week in each period were also assessed.
During dialysis sessions, systolic and diastolic blood pressures (SBP, DBP), as well as dialysis-related symptoms such as cramps or hypotensive attacks and requirement for saline infusion because of hypotensive attacks/ cramps were monitored. Hypotensive attacks were defined as a reduction in SBP by 20 mmHg associated with symptoms requiring emergency medical attention, trendelenburg position or saline infusion. Cramps were defined as symptoms that required emergency medical attention or saline infusion without a reduction in BP. Saline infusion was defined as a 100 mL of saline solution (0.9%), which was infused for 5 min in order to improve cramps or hypotensive attacks. The frequency of hypotensive attacks and cramps were analysed as the number of occurrences during each study period, which included a total of 510 HD sessions. Saline infusion was analysed as the total amount of required saline solution per every 100 HD sessions during each study period.
The study protocol was approved by the ethics committee of the Kec xiören Education and Research Hospital. Written informed consent was obtained from all subjects.
Brachial artery FMD
Measurement of FMD using brachial artery reactivity was performed by two-dimensional grey-scale and color-flow Doppler and vascular imaging using a Vingmed Vivid 5 (General Electric Medical, Waukesha, WI) echocardiography machine with a 10-MHz vascular ultrasound probe. This was performed at the end of each period. On the day of the study, participants fasted 6 h and all medications were withheld. After resting in the supine position for 10 min in a quiet air-conditioned room, the non-fistulated arm brachial artery was prepared for measurements. The brachial artery was scanned longitudinally at 2-5 cm above the antecubital crease. This location was marked on the skin and all subsequent measurements were performed at the same location. The arm was splinted with a prosthetic splint and secured with straps above and below the elbow. To calculate FMD, per cent diameter changes were determined as follows: (diameter after reactive hyperaemia À baseline diameter)/baseline diameter 3 100. To avoid confounding effects of arterial compliance and its cyclic changes in dimension, all measurements were obtained at the peak of the R-wave of the electrocardiogram [23] . The mean diameter of the brachial artery was determined at baseline and then continuously for up to 5 min after reactive hyperaemia. Brachial artery diameter measurements were performed by an investigator who was blinded to the experimental conditions. Intra-observer agreement for brachial artery measurements was very large; simple agreement was 96% and Kappa (K) ¼ 0.86-0.95, (P < 0.001).
Transthoracic echocardiography
All echocardiographic examinations were performed with a System Three (GE Vingmed Ultrasound, Horten, Norway) cardiac ultrasound scanner and 2.5-3.5 MHz transducers. All patients were examined in the left lateral and supine position by precordial M mode, two-dimensional Doppler and tissue Doppler echocardiography. A one-lead electrocardiogram was recorded continuously. Left ventricular (LV) end-diastolic, end-systolic diameters and ejection fraction (EF) were measured from M-mode in the parasternal long axis views [24] . For each patient, LV mass was determined using the LV linear dimensions combined with the formula recommended by the American Society of Echocardiography and the European Association of Echocardiography:
þposterior wall thickess þseptal wall thickness 3
Ambulatory blood pressure monitoring
Twenty-four-hour ABPM was performed using a spacelab (Redmond, WA) oscillometric BP device. The device was attached to patients on the morning of the interdialytic day. Measurements were taken from the non-fistulated arm every 30 min for 24 h. Mean 24-h SBP and DBP, mean daytime (06:00-22:00) SBP and DBP, and mean night-time (22:00-06:00) SBP and DBP were recorded in all patients.
Statistical analysis
The SPSS programme version 13.0 (SPSS Inc., Chicago, IL) was used for analysis. Results are presented as means AE SDs. Study periods were compared using paired Student's t-tests. Per cent changes in FMD in patients and in controls were compared by unpaired Student's t-tests.
A repeated measures analysis of variance was applied to compare the changes in BP from week to week in each period. Possible factors that affected FMD were analysed by a multiple linear regression analysis. Pre-dialysis BP (pre-dialysis SBP 1 pre-dialysis DBP), post-dialysis BP (post-dialysis SBP 1 post-dialysis DBP) and the difference between dialysate sodium and serum sodium were used as independent variables. Mann Whitney U-tests were performed to analyse differences in serum sodium values in the different subgroups. A P-value of <0.05 was considered statistically significant.
Results
Thirty-two patients were enrolled, and 30 patients (17 men and 13 women) completed the study. Two patients withdrew because of intradialytic hypotensive attacks associated with low Na HD. Baseline clinical and laboratory data of the subjects are given in Table 1 . Eleven patients (36.7%) had hypertension and were receiving antihypertensive medications. The average number of antihypertensive drugs per patient was 1.27 AE 0.47. Three of the hypertensive patients required two antihypertensives for controlling BP, and the remaining hypertensives received one drug. The most prescribed antihypertensive medication was calcium channel blockers, followed by angiotensin receptor blockers and beta blockers. Two hypertensive patients required discontinuation of antihypertensives during the low Na HD period.
Endothelium-dependent dilatation was significantly impaired in dialysis patients compared with controls (14.2 AE 4.8% for controls versus 5.7 AE 6.2% for patients during the standard Na period, P < 0.001 and 9.1 AE 6.1% for patients during the low Na period, P ¼ 0.001). Decreasing the dialysate sodium concentration from 143 to 137 mEq/L caused an improved FMD % in 23 patients. The average per cent FMD was significantly higher during the low Na HD period than the standard Na HD period (Figure 1 Although 24-h ABPM decreased from 132.4/80.8 to 128.2/77.5 mmHg during the low Na HD period, this fall was not statistically significant. There were no significant differences in daytime and night-time BP levels between the two study periods (Table 2) . Pre-and post-dialysis SBP and DBP levels were also similar during the two periods (Table 2 ). There were no differences between pre-dialysis BPs measured during each week in both dialysate groups. Similarly, there were no differences between post-dialysis BPs measured during each week in both dialysate groups. There were no significant differences in plasma sodium or the gradient between dialysate sodium and plasma sodium concentration between patients with and without decreased BP (135.4 AE 2.6 versus 136.4 AE 3.3 mEq/L, P > 0.05; 1.65 AE 2.55 mEq/L versus 0.60 AE 3.27 mEq/L, P > 0.05).
IDWG decreased significantly during the low Na period compared with the standard Na period (2.35 AE 0.86 kg versus 2.71 AE 0.89 kg, P < 0.001) (Figure 2) . Hypotensive attacks and cramps were more frequent during the low Na HD period ( Table 2 ). The amount of infused saline solution that was necessary due to HD-related symptoms was significantly higher during the low Na HD period than in the standard HD period (Table 2 ). There was no relation between serum sodium levels and complications observed during dialysis sessions. Serum sodium levels in patients with and without increased cramps (135.6 AE 2.9 mEq/L versus 135.8 AE 2.6 mEq/L, P > 0.05) and in patients with and without increased hypotensive attacks (134.2 AE 3.1 mEq/L versus 136.2 AE 2.4 mEq/L, P > 0.05) were not significantly different.
LV EF and LV mass remained unchanged at the end of the low Na HD period (EF: 61.2 AE 11.6% versus 61.3 AE 9.9%, P > 0.05; LV mass: 203.3 AE 59.6 g versus 203.2 AE 58.4 g, P > 0.05).
Discussion
In this study, we demonstrated that low Na HD reduced ED as measured by FMD of the brachial artery. To our knowledge, this is the first demonstration that lowering dialysate sodium will cause improved endothelial function. Previous studies have examined the effects of dietary salt restriction on ED in normotensive and hypertensive subjects [7, 13, 25, 26] . Dickinson et al. [25] reported a reduction in ED in normotensive overweight subjects at the end of a 2-week sodium-restricted diet. In a study that included normotensive subjects, Fang et al. [14] showed that high salt consumption (18 g salt/day for 7 days) was associated with a reduction in plasma nitric oxide (NO) synthesis, which was caused by high asymmetric dimethylarginine (ADMA) levels. It is well documented that a high salt intake decreases plasma NO levels in hypertensive patients [27] [28] [29] . In addition, it has been shown that salt loading increases ADMA levels, an endogenous inhibitor of nitric oxide synthase [13, 14, 30] . One of the most important findings of the present study was the significant fall in IDWG that occurred during low Na HD. It is well known that low IDWGs provide more comfortable dialysis sessions because of the decreased amounts of hourly fluid removal required during dialysis. In contrast with this, we observed that lower IDWG during low Na was associated with a higher frequency of dialysisrelated symptoms. In several previous studies, there were no differences in frequency of hypotensive attacks or cramps between standard Na HD and low Na HD, which suggested that low dialysate sodium concentrations were well tolerated [31] [32] [33] [34] . Similarly, Davenport [33] showed that a lowering of dialysate sodium caused reductions in IDWG and dialysis-related hypotension. Ozturk et al. [35] lowered dialysate sodium from 140-135 mEq/L in 17 HD patients and found significant increases in the frequency of cramps, hypotensive attacks and saline infusion requirements during dialysis. The increased saline requirement was similar to that in our study. Recent studies have suggested that a lowering of dialysate sodium concentration to predialysis serum sodium levels (individualized Na dialysis) may reduce IDWG and intradialytic symptoms [36] .
Decreased dialysate sodium concentration, which is an important determinant of sodium loading in HD patients, is associated with improved BP control. Several previous studies demonstrated that a lowering of dialysate sodium by 5 mEq/L for 2 weeks [34, 37] or for 15-20 weeks [38] will cause a fall in BP. Furthermore, Davenport [33] observed that patients from dialysis centres that used higher dialysate sodium concentrations required greater numbers of antihypertensive medications. Our study showed that a lowering of dialysate sodium from 143 to 137 mEq/L for 6 weeks was accompanied by a reduction in predialysis SBP and mean 24-h ambulatory BP. However, unlike the two previous studies, our reductions in BP did not reach statistical significance. To explain this difference, the two previous studies used shorter periods with reduced dialysate sodium, which may have resulted in more significant falls in BP [34, 37] . There are several factors that may explain these differing BP findings. First, we modified only dialysate sodium without altering dietary sodium intake during the low Na HD period. Second, there was a possibility that less antihypertensive medications would be required since our patients would have lower BP levels. Nevertheless, an important outcome for our studies was that two of our hypertensive patients no longer required antihypertensive medication during the low Na period.
Strict volume control is the predominant factor for reducing LVH [39, 40] . A regression of LVH has been achieved through prolonged and frequent dialysis, nocturnal HD, daily HD, as well as strict dietary sodium restriction [40] [41] [42] . Sayarliog˘lu et al. [43] showed a that low sodium dialysate given for >8 weeks reduced the effects of volume load on the heart, as assessed by significant decreases in inferior vein cava diameter, pulmonary artery pressure and EF. In our study, we did not find reductions in EF or LV mass index at the end of low Na HD, although IDWG was lower in this period. This lack of effect on LVH in our study may be explained by the lack of significant BP reductions or by the shorter time interval of our low Na HD period.
In conclusion, we have shown for the first time that a lowering of dialysate sodium concentration is consistently effective for reducing ED. We also demonstrated that low Na dialysis caused a reduction in IDWG and provided better BP control; however, it increased the frequency of intradialytic hypotensive episodes and cramps. 
